A new approach to producing multidisciplinary lists of highly cited researchers is described and used for compiling the first multidisciplinary list of highly cited researchers. This approach is essentially related to the recently discovered law of the constant ratios (Podlubny, 2004) and gives a better-balanced representation of different scientific fields.
Introduction
Citation analysis has become a tool used world-wide for evaluating scientific performance and scientific impact of various subjects operating in research -countries, universities, research institutes, and also individual researchers. The total number of citations is usually considered as an indicator of the scientific impact of the unit under consideration and of the importance of its contribution to the corresponding field of science.
Counting citations has become now, in the era of powerful computers and information technology tools, relatively easy. This provides for administrators of science, management of universities, grant agencies, and others, a seemingly simple tool for justifying their decisions on career promotions, funding and providing other kinds of support of research.
Citation counts are attractive from the viewpoint of presentation of top scientists to the general public. While it is usually difficult to explain to the general public the real scientific contribution of a given researcher and its importance for the advancement of a particular scientific field, the presentation of citation counts is much easier and appears to the public as an objective evaluation. 1 This approach results in so-called lists of highly cited researchers. 2, 3 However, those lists are compiled separately for different scientific fields. This is understandable, since comparing, say, ten mathematicians (or ten physicists, or ten chemists, or ten medical researchers, or ten engineers, etc.) using their total citation counts immediately gives a key for sorting them in descending order with respect to their citation counts.
A more difficult problem arises when one has to compare scientists working in different fields, for example, mathematicians, biochemists, physicists, and engineers. The absence of a suitable solution is emphasized by the fact that even the most prolific author of citation analysis, Dr. E. Garfield, used only absolute figures for compiling lists of scientists with the highest impact -see, for example, the list in Ref. 4 , where we cannot see any mathematician, engineer, or a specialist in social sciences. The same approach (total numbers of citations) is used also in Ref. 5 entitled "Twenty Years of Citation Superstars", where one can see only specialists in clinical medicine and biomedicine, which does not seem to be adequate with respect to the role of other scientific fields (like mathematics, physics, engineering, etc.) and their contribution to the advancement of science.
The problem of comparing scientific performance in different fields of science is not new. However, previous studies were focused mainly on measuring and comparing the impact of journals or research groups in different fields of subfields of science. Seglen (Ref. 6 , Table 1 ) showed that journal impact factors depend on the research field. Several authors have suggested alternative journal impact measures that account for differences in referencing practices among scientific disciplines. These vary from fieldspecific impact factors 7 to normalized or relative measures. The latter in principle could enable cross-comparisons of journals among disciplines. For an overview of these efforts see, for example, Refs. 8 and 9.
Similarly, the idea of using normalization for developing more adequate scientometric indicators is also well known. For example, van Raan provided an extensive and detailed studies on field-normalized indicators 10, 11, 12 . On the example of chemistry and medicine he demonstrated 11 , that field-normalized indicators, such as CPP/FCSm, are different in different fields. However, his study was focused on units of different levels of aggregation, such as research groups and institutes.
An important approach to comparison of different units is based on scaling (or self-similarity) laws observed in scientometrics. Katz 13, 14, 15 studied scaling relationships between citations counts and the number of publications for research fields, institutes and countries, and suggested scale-independent indicators 15 . Recently, Hirsch 16 suggested a new indicator of citation impact, which is called h-index. He also mentioned that the values of h-index for recognized scientists in different fields are different.
All approaches mentioned above do not deal with comparisons of citation impact of individual scientists working in different scientific fields. In this article we suggest a new approach to compiling multidisciplinary lists of highly cited researchers. This approach is essentially related to the recently discovered law of the constant ratios 17 and gives a better-balanced representation of different scientific fields.
The data
The main data source for citation counts of highly cited researchers was the ISI Essential Science Indicators (ESI) produced by Thomson ISI. 18 Among many other interesting features, the ESI provides the lists of most frequently cited scientists in twenty-two scientific fields defined by specialists at Thomson ISI for this data source. The citation counts in ESI correspond to ten years plus 2 months period. The data are updated every two months. We used the data from the July 1, 2005 release.
The other source of data was the In-Cites website 3 , which, among other interesting information, provides the lists of top ten most frequently cited researchers in the same twenty-two scientific fields. The In-Cites web site is also regularly updated and at each moment covers the moving time window of the same length, namely ten years plus 2 months.
We also used the data from the recent publication of the National Science Foundation, in which the distribution of scientific citations of the U.S. scientific and engineering articles across wide fields of science in 1992, 1994, 1996, 1997, 1999 Table 5 -27 on page 5-50). The sources for the data appearing in that table were the Science Citation Index (SCI) and the Social Sciences Citation Index (SSCI). Differently from the two aforementioned sources, the NSF report uses nine broad scientific fields. To relate both classifications, we used the definitions of those nine broad fields from the Appendix Table 5 -34 on page A5-63 of the NSF report, on one side, and the classification published at the In-Cites website 3 , on the other.
The law of the constant ratio for broad scientific fields
We would like to recall the recently discovered law of the constant ratio 17 : the ratio of the total number of citations in any two fields of science remains close to constant. This allows normalization of all fields with respect to mathematics, where the total number of citations is always the smallest, although also growing with time. The law of the constant ratio is in agreement with Katz's studies on scaling and self-similarity in science and scientometric indicators 13, 14, 15 In terms of normalized figures, the main result of Ref. 17 can be expressed by Table 1 , which says that, for example, one citation in mathematics roughly corresponds to 15 citations in chemistry, 19 citations in physics, and 78 citations in clinical medicine. We also recall the remark made in Ref. 17 , that in the case of top-cited researchers these ratios "will probably need some correction, since the ratios of the peaks in different fields of science do not necessarily copy the ratios shown in Table 1 ". Indeed, the total number of citations in a particular scientific field can be interpreted as an integral, while the number of citations of a most frequently cited scientist in that field represents the largest value of the function under integration. Therefore, the question is: does there exist a similar law of constant ratios in the case of highly cited researchers?
The law of the constant ratio for highly cited researchers
Using the data from In-Cites, we arrived at the conclusion that there does exist a similar law, and that there is even certain relationship between the total number of citations in a particular field and the number of citations of the top-cited researcher in that particular field. Unfortunately, the data available in In-Cites on highly cited researchers do not cover the ten years period -there are only figures for [2003] [2004] [2005] . Those data are updated each month and each of them covers the moving time window of ten years plus two months, so for each of the 22 fields used by In-Cites and ESI we used a set of 24 monthly lists of highly cited researchers.
As the first step, we mapped the ESI/In-Cites classification of 22 scientific fields onto the NSF classification containing 9 fields. For this mapping we used the detailed definitions of the nine broad fields from the Appendix Table 5 -34 on page A5-63 of the NSF report 19 and the definitions of the 22 fields published at the In-Cites website 3 . The first two columns of Table 2 represent this mapping. The third column contains the corresponding numbers from Table 1 .
Then we performed addition of the ten-element vectors corresponding to those ESI fields that are mapped to the same NSF field (like ESI fields Agriculture and Plant and animal sciences, which are mapped to the NSF field Biology), and subsequently computed the average values of the elements of the resulting vectors. The numbers obtained in this way were considered as the numbers of citations of most frequently cited scientists in the NSF classification fields. These numbers were -similarly to Ref. 17 normalized with respect to mathematics and are summarized in Table 3 . They also appear in the fourth column of Table 2 .
The relationship between the average ratio of the total citation number to the total number of citations in mathematics (T), on one side, and the average ratio of the citation counts of ten highly cited scientist in the field to the average number of citations of ten highly cited mathematicians (H), on the other, can be well described by the power law function H = T α , where α=0.82. If we exclude clinical medicine and biomedicine, a suitable approximation is given even by a much simpler expression: H = 2T/3. 
A multidisciplinary list of highly cited researchers
Using Table 2 , we compiled a multidisciplinary list of highly cited researchers. We took the first one hundred of highly cited researchers in each of the twenty-two ESI fields and normalized their citation counts using the fourth column of Table 2 . These lists were combined into one, which was then sorted with respect to the number of normalized citations.
The resulting multidisciplinary list of the top 200 highly cited researchers is given in the Appendix to this article. One can see that among the top ten researchers there are five leaders in their particular fields (namely, in Material science, Space science, Chemistry, Mathematics, and Physics), among the top fifty there are leaders in seven fields (add Plant and animal science, and Engineering), and among the top one hundred there are leaders in ten different fields (add Geosciences, Environment and ecology, and Clinical medicine). It could not be so if one used only absolute numbers of citations, like in Ref. 5 . In addition, we would like to mention that all twenty-two leaders in their fields are present in the first 1500 lines of the compiled list.
Discussion
We are far from considering the compiled list as a perfect one.
First, in many cases the numbers of normalized citations of two or more scientists from different fields are very close, so it is difficult to say if their ordering is exact. Instead of considering the exact ordering, it would probably be better to speak about clusters (or groups) of researchers with approximately equivalent citation impact.
Second, one can observe in this list the known problem of possible aggregation of several authors with the same last name and initials (for example, Kobayashi, Nakamura, Wang, Zhang, etc.). Such cases of possible aggregation are probably indicated by extremely large numbers of articles. For example, around 1000 published articles during 10 years would mean 100 articles during one year, or one published article in 3 or 4 days, which does not seem too realistic. However, according to the correspondence with the Thomson ISI technical support staff 20 and to Ref. 5 , splitting such aggregated numbers in parts corresponding to separate persons is currently impossible. To solve this problem, we support the idea of introducing Uniform Author Identifier (UAI) 21 , which then would be complementary to the existing and widely used DOI (Document Object Identifier) 22 . If UAI is introduced, it will solve not just the problem of persons with the same names, but also the change of name (especially women's names before and after marriage), different transliterations of non-Latin alphabet names (Russian, Chinese, etc.), misprints in names, and some other situations. Tracking publications and citations using UAI would be much easier and more reliable.
Third, this list is based only on the articles covered by ISI. It does not take into account citations of books, former Soviet journals, many Asian journals, and so forth. As a matter of fact, during the considered period of 10 years Leonhard Euler (EULER L) had more than 530 citations to his original works published in the XVIII-th century. This fact can be easily checked using the Science Citation Index (SCI). This would be sufficient for Euler to be among top 30 mathematicians or among top 400 in our multidisciplinary list, if we do not take into account similar situation of many other past and current authors. However, because Euler's old articles are not in the current ISI database, their citations are not counted.
Fourth, the compiled list does not take into account cross-field citations; all citation numbers are taken as pure citations within the fields. However, cross-field citations are quite common, cross-field citing between almost any pair of fields is asymmetric, and we are not aware of any suitable method for taking this important aspect into account in citation analysis. This topic requires further investigation. Along this way, a new classification scheme of scientific fields and subfields suggested by W. Glänzel and A. Schubert 23 can be used. Fifth, citation counts, which we used for this study, do not depend on the number of authors of cited papers. However, there is a big difference between an article authored by one author and the article where the list of co-authors contains hundreds of names. For example, the list of authors of Ref. 24 contains 550 names.
Sixth, the ESI and In-Cites are in fact 'black box' products of Thomson Scientific/ISI, so we could not work with the original raw citation data. In our work we assumed that they are based on the same set of raw data as Web of Science. Additional verification of this assumption could be useful.
Our last remark is not related to the numbers that we used for compiling the presented list. It deals with the auxiliary information presented in the last column, namely average number of citations per paper (CPP). In our opinion, it would be better to introduce a new indicator called the average number of citations per "meaningful" paper (CPMP), and set the citation thresholds for "meaningful" papers in different fields. In our list we see a notable number of top-cited researchers who authored one, two, or three articles. It is clear that those who wrote tens or hundreds papers do not have equal response to all of them -some of their articles are highly cited, some other are cited seldom. Therefore, the CPMP could be helpful in balancing these two extreme approaches to producing scientific publications. The number of "meaningful" papers need not to be a fixed number -the h-index, suggested recently by Hirsch 16 , is, in fact, a field-independent tool for determining the number of meaningful papers for each author.
Conclusion
In spite of the above remarks, the presented multidisciplinary list of top cited researchers provides a better picture than Refs. 4 and 5. The approach based on the law of the constant ratio looks like a suitable tool for normalizing citation counts in different fields not only in the case of total numbers, but also in the case of highly cited researchers. Its possible enhancements should preferably solve the problems of equal names of different persons, cross-field citation impact, different numbers of authors of cited articles, and citations of sources that are not in the current ISI database.
